Neospora caninum, an apicomplexan parasite, is recognized as a major bovine abortifacient. Dense granule antigens (GRAs) play important roles in the formation and modification of parasitophorous vacuoles (PVs) in Toxoplasma gondii. However, a few studies investigating GRAs have been reported in N. caninum. The aim of the present study was to characterize the dense GRA6/ GRA7 of N. caninum in PVs using MDBK cells as a host cell model. Neospora caninum was inoculated into MDBK cells, and changes were observed using a transmission electron microscope (TEM). Neospora caninum GRA6/GRA7 were identified and characterized using bioinformatics, cell fractionation, and immunofluorescence. The TEM results revealed that integrated PVs were present in MDBK cells after N. caninum infection. Bioinformatics analysis showed that NcGRA6/ NcGRA7 shared 28.76% and 29.66% homology with T. gondii GRA6/GRA7 (TgGRA6/TgGRA7) but had similar signal peptides, transmembrane domains, and motifs. Cell fractionation and subcellular localization analyses both showed that NcGRA6 was distributed in the lumen and intravacuolar network in soluble and transmembrane forms. The transmembrane form of NcGRA7 was observed in the PV membrane. These data lay a foundation for further study on bovine neosporosis and NcGRA6/NcGRA7 function during PV formation.
Introduction
Neospora caninum, an intracellular protozoan apicomplexan parasite, belongs to the subfamily of Toxoplasmatinae [1, 2] . Since its discovery in 1984, N. caninum has been recognized as an important infectious agent that causes bovine neosporosis, which leads to reproductive failure and other economic losses [3, 4] . Moreover, domestic dogs and other canids, such as coyotes, dingoes and wolves, are natural definitive hosts of N. caninum by horizontal and vertical transmission [5, 6] . Neospora caninum has a wide range of intermediate warm-blooded vertebrate hosts, including ruminants, horses, and birds [7, 8] .
A large spectrum of cell types that proliferate rapidly, including Vero cells [9] , human colon cancer Caco-2 cells [10] , MCF-7 human breast carcinoma cells [11] , and human fibroblasts [12] , can be invaded by N. caninum tachyzoites. Appropriate host cell lines have been used to cultivate parasites in vitro for cellular localization, immunoprecipitation, and immunohistochemical studies of N. caninum infection [13] [14] [15] . Bovine animals are the major intermediate hosts of N. caninum, and thus, it is useful to investigate whether bovine kidney epithelial (MDBK) cells can be used as a host cell line for the N. caninum NC-1 strain tachyzoites in vitro.
Dense granule antigen (GRA) is a secretary organelle in parasites of the phylum Apicomplexa, which plays a role in forming and modifying parasitophorous vacuoles (PVs) [16] . GRAs are secreted either during the process of invasion into the PV or afterwards [17, 18] . Soluble GRAs are distributed in the lumen of PV, and transmembrane GRAs are found in the intravacuolar network (IVN) and PV membrane (PVM). The major function of GRAs is to take part in the formation and modification of PV, thus establishing an environment conducive to Apicomplexa parasite survival and replication. In previous studies, NCDG2 (NcGRA6) and NCDG1 (NcGRA7) were cloned and sequenced, which revealed that they have 582 and 654 nucleotides, respectively [19, 20] . The molecular weights of the corresponding native proteins were confirmed to be 37 and 33 kDa, respectively [19, 20] . Moreover, the GRA6/GRA7 antigenic proteins have been used to detect N. caninum and Toxoplasma gondii infection by ELISA [21] . However, studies of GRA6/GRA7 function during the formation of N. caninum PVs have not been reported. For T. gondii, GRA6 associated with GRA2 plays a key role in the development of IVN [22] . The IVN is made up of highly curved membrane tubules that link T. gondii and PVM together [23, 24] . Thus, it is useful to study the functions of GRA6. Previous studies have indicated that the N-terminal domain of GRA2/GRA6 is necessary for IVN formation [22] . When T. gondii penetrates the host cells, GRA6 is instantly translocated to the posterior end of the parasite and facilitates smaller tubule and vesicle formation by GRA2 in the IVN [25, 26] . Bonhomme et al. [27] reported that the T. gondii membrane complex and its tubular IVN are associated with GRA7, an antigen induced by parasite invasion into host cells, using ultrastructural immunolocalization. The IVN is connected to the PVM by membranous tubules, and GRA7 can enter the PVM and change its structure.
Neosporosis is a major abortifacient in the cow. Moreover, GRA6/GRA7 are vital elements in the formation of PVs, which provide an environment for parasites to survive and replicate. In the present study, our established MDBK cell model for N. caninum lays a foundation for future research on bovine neosporosis. In addition, investigations of the NcGRA6/NcGRA7 locations will provide in-depth knowledge of the functions of these molecules during the process of PV formation.
Materials and Methods
Cell culture, N. caninum purification, and infection of MDBK cells MDBK cells (ATCC, Manassas, USA) were maintained in 24-well cell culture plates (Corning Incorporated, Corning, USA) with Dulbecco's modified Eagle's medium (DMEM; Biological Industries, Ltd, Kibbutz Beit-Haemek, Israel) containing 10% fetal bovine serum (FBS; Biological Industries, Ltd), 100 U/ml penicillin and 100 μg/ml streptomycin. The cultures were incubated at 37°C under humidified 5% CO 2 conditions. The N. caninum tachyzoite NC-1 strain was grown by continuous passage in Vero cells. For subsequent experiments, infected cultures at the stationary growth phase were scraped and then passed several times through a 27-gauge needle (Millipore, Billerica, USA). The N. caninum tachyzoites were collected by centrifugation at 1000 g for 10 min, purified with 40% percoll (30 min, 2000 g), washed with phosphate-buffered saline (PBS, pH 7.4), and diluted in cold PBS.
Monolayer MDBK cells were inoculated with N. caninum tachyzoites with a multiplicity of infection (MOI) of 3 (at a parasite-host ratio of 3:1) and maintained in fresh DMEM with 2% FBS for 48 h at 37°C in 5% CO 2 . Infected MDBK cells were harvested and centrifuged at 1000 g for 10 min. The samples were then fixed with 2.5% glutaraldehyde, cut into ultra-thin sections (60 nm), and observed by transmission electron microscopy (FEI, Hillsboro, USA) to examine the ultrastructural changes [28] .
Bioinformatics analysis of N. caninum GRA6/GRA7 (NcGRA6/NcGRA7) DNAMAN was used to blast the amino acid sequence homology of GRA6/GRA7 between T. gondii and N. caninum, which was obtained from ToxoDB (http://toxodb.org/toxo/; GeneID: NcGRA6-NCLIV_052880, NcGRA7-NCLIV_021640). Online servers, including SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/), TMHMM (http://www.cbs.dtu.dk/services-/TMHMM/), and motif (http://www. bioinf.manchester.ac.uk/dbbrowser/sprint/) were used to predict the signal peptides (SPs), cleavage sites, potential transmembrane regions (TMs), and motifs.
Preparation of rat polyclonal antibodies against NcGRA6/NcGRA7
NcGRA6/NcGRA7 were amplified from cDNA using PCR and cloned into the pEGX-4T-1 vector. Consensus primers for NcGRA6 (forward: 5′-ATAGAATTCGCCGATCCGGTTGAATCC-3′; reverse: 5′-ATACTCGAGTTATCTGTGACGTGCCTGCTG-3′) and NcGRA7 (forward: 5′-ATTGAATTCGGAGACTTGGCAACCGAACT-3′; reverse: 5′-TTACTCGAGTTACTATTCGGTGTCTACTTC-3′) were used in the present study. The positive recombinant plasmid pEGX-NcGRA6/ NcGRA7 was transformed into the Escherichia coli expression strain Rosetta(DE3). After induction of expression, the recombinant proteins were purified using GSTrap FF purification columns (GE Healthcare Bio-Sciences, Ltd, Marlborough, USA). The obtained proteins of expected size were emulsified with Freund's complete/incomplete adjuvant (Sigma, St Louis, USA) and used to immunize experimental rats, and finally the corresponding rat polyclonal antibodies were generated.
Cell fractionation
Infected MDBK cells were suspended in pre-chilled PBS prepared as previously described without calcium. After passage several times through 27-gauge needles, parasites and cell debris were eliminated by centrifugation at 2500 g for 10 min. The supernatants were then fractionated into soluble and membrane-associated fractions by ultracentrifugation at 100,000 g for 2 h. To separate proteins, the high-speed pellet (HSP) was resuspended in 50 mM Tris with protease inhibitors (pH 8.0), sonicated on ice for 30 min, and then dissolved in 10% Triton X-114 (Solarbio, Beijing, China) or denaturing agents (6 M urea and 1% nonidet P-40). After ultracentrifugation again at 100,000 g for 2 h, the pellets and supernatants were analyzed by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis.
SDS-PAGE and western blot analysis
The extracted proteins were boiled in SDS sample buffer with β-mercaptoethanol for 10 min. The proteins were separated in 12% polyacrylamide gels. After electrophoresis, the proteins were transferred onto nitrocellulose (NC) membranes (Millipore, Darmstadt, Germany) by semi-dry electrophoretic transfer in Tris-glycine buffer (pH 8.3). The membranes were blocked with PBS containing 5% (w/v) non-fat dry milk and incubated with the primary antibody solution for 2 h at 37°C. After being washed with PBS containing 0.05% Tween-20, the membranes were incubated for 1 h with horseradish peroxidase-conjugated secondary antibody. After extensive wash, the blots were visualized with ECL chemiluminescence reagents (Thermo, Waltham, USA).
Immunofluorescence analysis MDBK monolayers inoculated with N. caninum NC-1 tachyzoites (MOI = 3) were harvested after 48 h and washed three times with cold PBS (5 min each). The cells were then fixed with 4% paraformaldehyde at room temperature and washed with PBS. Next, the cells were permeabilized with 0.5% Triton X-100 for 15 min at room temperature and washed again with PBS. Subsequently, the cells were blocked with 5% BSA for 30 min at room temperature. Afterwards, the specimens were incubated overnight with diluted primary rat anti-GRA6/GRA7 polyclonal antibodies at 4°C followed by washing with PBS. Finally, the specimens were incubated with Cy3-labeled goat anti-rat IgG (Earthox, Millbrae, USA) at room temperature for 1 h. Intracellular parasites were visualized and images were captured using a laser scanning confocal microscope (Fv1000; Olympus, Tokyo, Japan) [29] .
Results

Neospora caninum infection in MDBK cells
To investigate whether N. caninum tachyzoites could infect MDBK cells, the infected cells were observed by electron microscopy. The results showed obvious PV structures induced by N. caninum at 48 h after infection. Moreover, N. caninum tachyzoites could survive and replicate in MDBK cells. Several mitochondria were distributed around the PVM (Fig. 1) .
Bioinformatics analysis of NcGRA6 and NcGRA7
The amino acid sequences of NcGRA6 and NcGRA7 were aligned, and the protein structures were predicted by bioinformatics analysis. The NcGRA6 contains 582 nucleotides and encodes 193 amino acids. The NcGRA7 contains 654 nucleotides and encodes 217 amino acids. The amino acid sequences of NcGRA6 and NcGRA7 were aligned with those of T. gondii GRA6/GRA7 (TgGRA6/TgGRA7), and the proteins share 28.76% and 29.66% homology, respectively. However, NcGRA6/NcGRA7 and TgGRA6/TgGRA7 have similar protein structures in the SPs, N-terminus mature peptides (NMPs), TMs and C-terminus mature peptides (CMPs). Moreover, NcGRA6 and TgGRA6 share two similar motifs, i.e. motif 1: GTXEXYVNSSXXXG and motif 2: KXXXXRHR ( Fig. 2A,C) . NcGRA7 and TgGRA7 also share two similar motifs, i.e. motif 3: GXP(R)XDXXVTDDAXI and motif 4: LIKKLAXPA(V)VG (Fig. 2B,D) .
Morphology analysis of NcGRA6/NcGRA7 proteins in PV
To analyze the major forms of NcGRA6/NcGRA7 proteins in the PV, cell fractionation was performed. Western blot analysis of HSS and HSP indicated that NcGRA6 is secreted in both soluble and membrane-associated forms in the PV. Moreover, the amounts of soluble NcGRA6 were greater than those of the membraneassociated forms. To investigate the interactions between NcGRA6 and the vacuolar membranes, the HSP fraction was treated with several destabilizing agents. The results showed that HSP was insoluble in 50 mM Tris and partly soluble in urea and nonidet P-40. After treatment with Triton X-114, NcGRA6 mainly existed in the detergent phase. The data revealed that GRA6 is released as an integral membrane protein in HSP. Western blot analysis of the HSS and HSP fractions also suggested that most NcGRA7 was secreted in the membrane-associated form in PV. After a series of denaturing agent treatments, NcGRA7 finally behaved as an integral membrane protein using HSP fraction (Fig. 3) . 
Subcellular localization of NcGRA6/NcGRA7 proteins in PV
Immunofluorescence was used to locate NcGRA6/NcGRA7 proteins in PVs. The results indicated that DAPI could clearly stain the nuclei of N. caninum and MDBK cells. Immunofluorescence analysis illustrated that NcGRA6 was mainly distributed in the PV and barely existed in the PVM after N. caninum invasion (Fig. 4A) . For NcGRA7, it was mainly distributed in the margin of the PV, and a small amount existed within the PV (Fig. 4B) .
Discussion
Neospora caninum, an infectious agent that causes neosporosis, is responsible for reproductive failure and other economic losses in bovine animals. Several types of cells can be invaded by N. caninum, however, research in bovine-derived MDBK cells is still lacking. This is the first study to confirm that N. caninum NC-1 tachyzoites can invade, survive, replicate, and form PVs in MDBK cells after 48 h of infection. Moreover, we inferred that the increased mitochondria surrounding the PVs provide N. caninum sufficient energy for growth [30] . This finding enriches our knowledge of the host cell lines for N. caninum NC-1 tachyzoites in vitro. MDBK cells can be used as a typical cell model to study bovine neosporosis instead of Vero cells [9] , MCF-7 human breast carcinoma cells [11] , human fibroblasts [12] , and others.
After analyzing the sequences using the online services SignalP 4.1, TMHMM, and SPRINT, we determined that NcGRA6/NcGRA7 shared similar protein structures with TgGRA6/TgGRA7 including the SPs, TMs, and motifs, which is consistent with the results of previous studies by Lally et al. [19, 20] . The SP and TM structures indicate that they may be secreted into the PV and become associated with the PV membrane, the tubular-reticular network within the PV, or both. Previous studies indicated that TgGRA6 may help stabilize the membrane tubules [22] , and NMP is a key molecule in this process. Bioinformatics analysis implied that NcGRA6 and TgGRA6 have two similar motifs, i.e. motifs 1 and 2. It cannot be inferred that NcGRA6 takes part in the formation of IVN of N. caninum; however, the amino acid sequences of motif 2 (KXXXXRHR) were similar to the phosphate group-interactor in the phosphoinositide-binding Pleckstrin Homology domain that can interact with the negatively charged membrane phospholipids of the IVN [31, 32] . Through immunofluorescence observation and morphological analysis of NcGRA6, we found that most NcGRA6 was distributed in the PV in both soluble and membrane-associated forms. The integral membrane protein NcGRA6 was found in the IVN, which is in accordance with the bioinformatics analysis. NcGRA7 and TgGRA7 also share two similar predicted motifs, i.e. motifs 3 and 4. The functions of these two motifs are still not clear; however, they may share similar functions given the conserved properties between NcGRA7 and TgGRA7. GRA7 of T. gondii has been well studied, and TgGRA7 can interact with many types of rhoptry proteins (ROPs). Extravacuolar TgGRA7 can combine ROP2 and ROP4 together to package punctate strands before T. gondii invasion [33] . TgGRA7 is a component of the ROP5/ROP18 complex in the PV and peculiarly blocks the activity of Irga6 [34] . These data clearly indicate multiple functions for TgGRA7. Given their similar structural characteristics, NcGRA7 may share similar functions with TgGRA7. However, Lei et al. [35] demonstrated that N. caninum could not form the ROP5/ROP18 complex, which indirectly suggests that NcGRA7 and TgGRA7 may have some differences. Further study is needed to explore the differences in function between NcGRA7 and TgGRA7.
According to their morphological differentiation, GRAs are classified into the soluble form in the lumen of the PV (e.g. TgGRA1) and the exclusive transmembrane form in the PVM (e.g. TgGRA3) or within the PV (e.g. TgGRA2) [36] . The present study shows that NcGRA6 may have some similar functions as TgGRA6. TgGRA6 plays a vital role in the stabilization of IVN [37] . Western blot analysis results indicated that NcGRA6 exists as soluble and membrane-associated types in the PV given its presence in the HSP and HSS. Immunofluorescence data further confirmed that most NcGRA6 are distributed within the PV. Thus, we conclude that the soluble NcGRA6 protein exists in the lumen of PV, and the membrane-associated NcGRA6 exists in the IVN of PV. The function of NcGRA6 is still unknown; however, it may participate in maintaining and stabilizing the structure of the IVN. The IVN is connected to the PV, which suggests that it may serve as a surface extension to improve the uptake of nutrients from host cells [23] . Unlike TgGRA6, NcGRA6 is barely found in the PVM after N. caninum infection for 48 h. TgGRA6 is located in the PVM after infection for 48 h and has been verified to promote MHC I antigen presentation [22] . These data illustrate that the functions of NcGRA6 and TgGRA6 have obvious differences, and further studies are required to understand of the functions of NcGRA6. NcGRA7, a typical membrane-associated protein, is similar to TgGRA7, and exists in membrane-associated form as demonstrated by western blot analysis. NcGRA7 was specifically detected in the PVM as an integral membrane protein by immunofluorescence microscopy. NcGRA7 may participate in blocking the immune recognition of host cells or maintaining PV homeostasis [34] . The results in this study illustrate that NcGRA6 and NcGRA7 are major contents of the PV in MDBK cells after invasion by N. caninum for 48 h. However, further research is needed to understand the mechanism by which these two proteins function in the formation of the PV.
In conclusion, in the present study, we established an N. caninuminfected MDBK cell model and provided a foundation for further study on bovine neosporosis. The location of NcGRA6/NcGRA7 in the PV of infected MDBK cells not only illustrates the protein contents of PV but also predicates its potential function. 
